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Silicon optical waveguides have low absorption loss at 1.5 |Lim wavelength range. 
Although the silicon waveguides have been widely used in passive optoelectronic 
components, the optical properties such as dispersion and optical nonlinearities have not 
been previous fully characterized. For high bit-rate communication systems, the optical 
properties of different optical components in the system should be fully known. 
In the thesis, we describe the first measurement of the dispersion coefficient in a silicon 
waveguide using interferometric method. We measured a total dispersion of -9.1 
fs/[nm.cm] at 1.55 [im wavelength with the dispersion slope of 0.04 fs/[nm^.cm]. The 
sign of the dispersion was opposite to that of conventional single mode optical fiber. The 
measured result was verified by coupling ultrashort optical pulses into the waveguide and 
measured the output pulse broadening. Polarization-mode dispersion of the waveguide 
was found to be in the order of 10'^  ps, which was in good agreement with computer 
simulation of this particular waveguide design. 
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Nonlinear properties such as two-photon absorption and nonlinear refractive index were 
also investigated for the first time. The two-photon absorption coefficient was found to be 
0.45 cm/GW at 1.54 [im wavelength. An amplified gain-switched laser diode was used to 
generate optical pulses of 60 W peak-coupled power to observe the n phase shift from 
1 o ) 
self-phase modulation (SPM). Nonlinear refractive index was found to be 4 x 10" m /W 
by measuring the spectral broadening caused by SPM in the waveguide. 
This thesis also studied the use of a metal-vapour-vacuum-arc (MEWA) ion source to 
deliver high doses of iron ions to a silicon waveguide and formed a layer of implanted 
material on near the top surface of the waveguide. The loss parameter of the ion-
implanted silicon waveguide was then measured by Fabry-Perot interferometric method. 
•t r ) 
The waveguide loss was found to be 1.7±0.5 dB/cm for implant dose of 1x10 cm" . This 
technique has great potential in developing new silicon-based optoelectronic devices. 
Silicon waveguide was used for two-photon absorption measurements in an 
autocorrelator which achieved a peak-power average-power sensitivity of 1 (mW) at 
1.56 )im wavelength and which was used to measure optical pulses generated by a mode-
locked fiber ring laser. The experimental results agreed with a theoretical model of the 
two-photon-induced photocurrent generation inside the waveguide. 
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率。我們在實驗中得知桂波導在1.54 |Lim的TPA系數是0.45 cm/GW °在60W峰値 
耩合能量的光脈波的時候，自相位調制(SPM)會在桂波導裡面產生出71相移的現 
象。利用桂波導裡SPM產生的光脈波擴充程度，我們找出桂波導的非線性折射率 
爲 4x10—18 m^/W� 
我們首次用了金屬蒸發真空離子源注入機(MEVVA)將高劑量的鐵離子注入 
桂波導裡，並且利用法拍利-佩羅(FP)干涉的方法硏究離子注入後的損耗程度。我 
們找出了該波導在1x1016 cnf2劑量的損耗爲1.7±0.5 dB/cm�這種離子注入技術在 
開發新型桂光子元件的範疇有很大的潛力。 
我們將桂波導應用在超短光脈波寬度的測量上。利用桂波導的TPA特性， 
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Chapter 1: Introduction 
The main objectives of this thesis were to fully characterize the optical properties and 
develop new applications of the silicon waveguides. In this chapter, we will have a brief 
introduction on the importance of optoelectronics integrated circuits (OEICs) in today's 
optical communication industry. Reasons on choosing silicon as the waveguide material 
and some applications of silicon waveguides will also be discussed. We will review the 
properties of silicon waveguides that have been measured and identify other properties 
that have not been reported. Moreover, an overview of thesis content will be given at the 
end of this chapter. 
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1.1 Introduction to silicon waveguides 
Recent years, many research efforts have put on silicon photonics [1,2]. The integration 
of optics and electronics on the same substrate has become the main impetus. The 
resulting chips are called optoelectronics integrated circuits (OEICs). Compared to the 
optical and electrical circuits when taken separately, OEIC exhibit better performances. 
Nowadays, most of devices OEIC's technology are based upon III-V semiconductors 
such as ALGaAs/GaAs and InGaAsP/InP. However, these semiconductors suffer from 
high cost and complex manufacturing process. The breakthrough of integrated optics into 
the consumer market requires components of low manufacturing and packaging costs. 
The mature silicon VLSI industry provides alternative in low cost processing of OEICs, 
because silicon circuits can be adapted for developing many optoelectronic devices [3]. It 
is possible to use established silicon microelectronics fabrication methods to fabricate 
low-loss silicon integrated optical devices. Research on silicon-based OEICs working at 
1.3 and 1.55 jiAm wavelengths is a relatively new and very promising field. 
Silicon is transparent at the communications wavelengths of 1.3 and 1.55 |Lim. Optical 
circuitry can be monolithically integrated on a substrate due to high refractive index of 
silicon. This makes silicon suitable for optoelectronic applications at these wavelengths. 
For any integrated optical systems, the most fundamental component needed is the 
optical waveguide. The basic requirements for the optical waveguides are low loss, 
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single-mode propagation and high optical confinement factor at the working 
wavelengths. The waveguides should also have large cross-section to minimize the loss 
when coupling light with optical fibers. In silicon, the optical absorption for wavelengths 
greater than 1.2 陣 attains values of a < 0.1 cm"\ Therefore, silicon fulfills the 
requirements for low loss optical waveguides. 
The optical waveguide is formed by a guiding layer and two cladding layers. The guiding 
layer should have higher refractive index than the cladding layers, such that light can 
propagate inside the core layer by total internal reflection. There were several schemes 
for making various kinds of optical waveguide in crystalline silicon. One of the most 
popular schemes was epitaxial-silicon optical waveguides grown on silicon substrate [4]. 
The guiding layer is formed by growing a lightly doped silicon layer upon a heavily 
doped silicon substrate. The high density of carriers reduces the index of refraction of the 
substrate below that of the epitaxial layer. The slight higher refractive index of epitaxial 
layer than substrate thus creates the waveguide configuration. 
Silicon-on-insulator (SOI) technology provides another waveguide configuration [5-8]. 
This technology makes use of a single-crystal layer separated from a conventional silicon 
substrate by a thin layer of silicon dioxide. The guiding layer is the crystalline silicon 
with refractive index (n) of about 3.5 at 1.55 |Lim, the upper cladding layer can be either 
air Oi~1.0) or SiOi (n~1.45), and the lower cladding is the buried Si02 layer. 
3 
Optical Properties and Applications of Silicon Waveguides Appendix A 
SOI waveguide technology offers great potential for the integration of optoelectronic 
functions on a single silicon substrate. SOI waveguides have many excellent properties 
for applications in optical communication systems and have attracted much commercial 
attention for DWDM components. The waveguide geometry can be designed to have 
small birefringence (<10"^) [9]. Single-mode waveguides with low propagation loss have 
been demonstrated at 1.55 i^m wavelength. The waveguide geometry was a rib structure 
with large cross-section and large optical confinement factor. 
To integrate as many as waveguide components in a single chip, ultra-small waveguide 
bending is the key element [10]. The radius of bending in optical waveguide is limited by 
the index contrast between guiding layer and cladding layer. The modal effective index of 
the waveguide decreases with decreasing bending radius, and as soon as it becomes lower 
than the substrate refractive index substrate leakage loss occurs. Due to the large index 
contrast between the silicon waveguide and the SiCh lower cladding layer (An�2), ultra-
small bends should be possible in SOI technology. 
The silicon waveguide structure used in this thesis is based on SOI technology. The 
detailed waveguide structure and modal analysis will be described in Chapter 2. 
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1.2 Introduction to characterization of silicon waveguides 
Due to its low loss in 1.55 |Lim wavelength, silicon waveguide length could be as long as 
several centimeters. The high peak optical intensities and long interaction lengths 
possible may potentially lead to the manifestation of nonlinear optical effects, particularly 
in applications employing high peak power optical pulses. Two-photon absorption (TPA) 
in silicon has been previously studied at a wavelength of 1.06 |Lim [11,12]. In 
InP/InGaAsP waveguides, TPA can be significant [13] and is potentially detrimental to 
wavelength division multiplexing (WDM) applications because it can produce crosstalk 
between different wavelength channels. At a wavelength of 1.5 pm in silicon, however, 
one would expect TPA to be much smaller because the photon energy (0.8 eV) is less 
than half the direct bandgap of silicon and only indirect (phonon-assisted) transitions 
from TPA is possible. Moreover, the dispersion of different optical components in the 
system should be fully known in high bit-rate systems. The dispersion could lead to pulse 
broadening and cause an increase in bit-error-rate (BER). 
However, to our knowledge, there have been no previous measurements of TPA, 
nonlinear refraction, nor even any study of optical dispersion in silicon waveguides at 1.5 
|Lim wavelength range. In this thesis, we describe experiments performed on a silicon 
waveguide to determine, for the first time, its linear optical dispersion, polarization-mode 
dispersion, nonlinear refractive index (optical Kerr effect) coefficient and its TPA 
coefficient at the important 1.5 \xm communication wavelength. 
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1.3 Introduction to applications of silicon waveguides 
Development of optical and optoelectronic devices in silicon provides the feasibility of 
low-cost, monolithic optoelectronic circuits. Applications of silicon-based OEICs 
include: [14]: 
• Low-cost optical transceivers for fiber-optical communication systems 
• Optical interconnects for high-speed computers 
• Optical modulators for free-space optical signal processing 
• Optical sensor devices on silicon 
• Light-emitting devices 
• Optical switching 
Silicon waveguide modulator has been successfully fabricated [15]. Free carrier plasma 
dispersion has been demonstrated as a method of modulating refractive index [16]. The 
use of silicon-germanium heterostructures permits the realization of Si-based 
optoelectronic detectors within the 1.2-1.6 |am infrared wavelength window over which 
crystalline Si is highly transparent. Components used in WDM system such as variable 
optical attenuator (VOA), Mach-Zehnder Interferometer (MZI) and array waveguide 
gratings (AWG) have been already commercially available [17,18]. Silicon waveguides 
can also be used as the alternative of nonlinear crystal in an autocorrelator for ultrashort 
pulses measurements. 
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1.4 Introduction to chapters 
Chapter 1 gives brief introduction on silicon waveguide and describes the potential 
impact of such waveguides in optical communication systems. 
Chapter 2 describes the waveguide structure and solve the waveguide mode by Effective 
Index Method with a Matlab program, conditions to achieve single-mode operation are 
also discussed. 
Chapter 3 reports the chromatic dispersion and polarization-mode dispersion 
measurements of silicon waveguide. Both theory and experimental techniques are 
presented. 
Chapter 4 presents nonlinear characteristics of silicon waveguide. Nonlinear refractive 
index (optical Kerr effect) coefficient and TPA coefficient at 1.5 |Lim wavelength will be 
reported. 
Chapter 5 describes loss measurement in an ion-implanted silicon waveguide by an 
interferometric method. 
Chapter 6 demonstrates the use of a silicon waveguide for two-photon absorption 
measurements in an autocorrelator. 
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Chapter 7 summaries the main results of my research work and discuss some possible 
future works. 
Appendix A describes the silicon waveguide fabrication process capability at the Chinese 
University of Hong Kong. 
Appendix B lists the Matlab programs used in waveguide modal analysis and TPA 
calculations. 
Appendix C lists the publications related to this thesis. 
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Chapter 2: Modal analysis of single-mode silicon waveguide 
In optical waveguides, optical mode is the spatial distribution of optical energy in one or 
more dimensions. In this chapter, the optical modes of a dielectric waveguide are derived 
mathematically. The beginning of the chapter gives a brief introduction on SOI 
technology and waveguide structure used in the thesis. A common waveguide modal 
solving technique, called Effective Index Method (EIM), is introduced. The silicon 
waveguide modes are calculated with a Matlab program based on EIM and the effective 
index of the fundamental propagation mode is determined. Finally, conditions to achieve 
single-mode operation are discussed. 
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2.1 Waveguide structure 
The waveguide structure used in this thesis was based on SOI technology [2]. Fabrication 
of SOI structures has been demonstrated using an ion implantation process called 
Separation by the Implantation of Oxygen (SIMOX) [3,4]. Other techniques, such as 
Bond and Etchback Silicon-on-Insulator (BESOI) [5] and laser recrystallization [6], were 
also used to fabricate SOI wafer successfully. Many research groups fabricated optical 
waveguides on SOI wafer because it supports low-loss leaky optical waveguide modes 
m . 
Figure 2.1 shows the structure of the silicon waveguide used in the experiments. The 
waveguide core is the upper silicon layer (n~3.5). The buried oxide layer (n�1.45) and 
the air (n=l) are used as the cladding layers. The light confined under the rib region has 
an effective area of 6.2 The waveguide has a linear loss of 0.1 dB/cm and a length 
of 17 mm. 
SiO 今陽，VriVrnHWknWtk— , X 
Si (substrate) Z 
Figure 2.1: Structure of silicon waveguide 
13 
Optical Properties and Applications of Silicon Waveguides Appendix A 
2.2 Effective Index Method 
Effective index method (EIM) [8-11] is a very simple but accurate method for finding the 
propagation constant of a rectangular waveguide. The method requires only the 
normalized b-V curves obtained for the slab waveguide. EIM is also applicable to 
complicate waveguides such as ridge waveguide or rib waveguide. 
To analysis the optical modes of a rib waveguide, we first consider a slab waveguide 
structure as shown in Figure 2.2. 
ni > n2 > ns 
I Propagation Cladding layer 113 
“ Z direction  
, • X 玄 h Guiding layer m  
Substrate layer 112 
Figure 2.2: Structure of a basic slab waveguide 
In the slab waveguide analysis, the light is confined in y direction and assumes there is no 
variation in x direction. To determine how many modes propagate in the slab waveguide, 
we have to define some parameters. 
A basic guiding parameter is the normalized frequency’ V, defined as [8]: 
V 二 kofhjip 卜 n',) (2.1) 
where k^  =——,is the free space propagation constant. 
A, 
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The second basic parameter is a measure for the index asymmetry of the waveguide 
structure. The asymmetry parameter, a, is defined as: 
a = 钱 (2.2) 
灯1 一灯2 
This measure is defined in a somewhat different way for the TE and the TM modes [7], 
and its values for practical guide configurations can range from zero for perfect 
symmetry (i.e., the cladding layer is the same as substrate layer) to infinity. 
The effective refractive index rieff of the slab waveguide, is related to propagation 
constant P as: 
n,ff=l3IK (2.3) 
Another waveguide parameter is normalized propagation constant, b, defined as: 
b - - 綠 _ 
The eigenvalue equation, derived from Maxwell's equations, can be solved numerically 
to determine the possible values of b given the waveguide thickness and the refractive 
indices of the waveguide. From above normalized parameters, we can obtain the 
normalized eigenvalue equation: 
\ ‘ l-b--yjb{b + a) 
Equation (2.5) can be solved numerically to generate a b-V graph (Figure 2.3), which 
may be applied to any three-layer slab waveguide. 
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Figure 2.3: b-V curves for the lowest three TE-mode of slab waveguide [8] 
Once we know the thickness of the guiding layer and refractive indices of three layers, 
normalized propagation constant b can be easily obtained. The different possible values 
of b for a given V correspond to different modes that can propagate in the waveguide. 
The modes are different possible solutions to the waveguide eigenvalue equation. For a 
single-mode waveguide, there is only one solution for normalized propagation constant b. 
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The range of possible values of V which can support only the lowest order mode in the 
slab waveguide, is described by: 
TT + tan—i ^fa >V ^fa 
n + tan—i 4a , tan"^ yfa ，、 
or > h > 厂2~~- (2.6) 
We can also solve eigenvalue equation of other more complex waveguide geometry, such 
as rib waveguide, from b-V curves. 
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Figure 2.4: Structure of a rib waveguide 
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The rib waveguide is then split into three regions, called "slab 1”，"rib" and "slab 2" 
respectively. Each region is equivalent to a slab waveguide. Then the slab waveguides 
formed by the different regions are solved respectively (Figure 2.5). 
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Figure 2.5: Three equivalent slab waveguides split from the rib waveguide 
The b-V curves are used to find the respective b for each slab waveguide. Hence obtain 
the effective index neff by equation (2.3) and (2.4). 
Secondly, using the effective index for each lateral region found in the first step to form 
another slab waveguide, as shown in Figure 2.6. 
W 
i < • j 
neff2 1 neff l j neff2 
Figure 2.6: Effective slab waveguide formed by three lateral region 
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Finally, the propagation constant b for this slab waveguide can be easily calculated by the 
b-V curves. This propagation constant is a good approximation to the actual propagation 
constant of the mode in the rib waveguide. Same as before, the overall effective index neff 
of the rib waveguide can be obtained from b. 
Since this slab waveguide is symmetric (i.e. a=0), the condition for a single lateral mode 
is: 
双> V欢> 0 
/I 
or 2 2 > w � 0 (2.7) 
一几 e f f 2 
where V 银 = 众 - � ; 2 . 
There are some limitations when solving the waveguide mode by EIM [10,11]. For a 
rectangular-core waveguides, EIM gives higher values for the propagation constants for 
the various guided modes than other methods [10]. Moreover, EIM gives different (less 
accurate) values for the propagation constants of the various modes if one starts with the 
x-slab waveguide instead of the y-slab waveguide for constructing the effective-index 
waveguide. 
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2.3 Silicon waveguide modal analysis 
The waveguide structure and dimensions used in the experiments are shown in Figure 
2.7. The waveguide had a rib width of 4 |im. The thickness of the upper silicon epitaxial 
layer was 4.5 [im. The wafer was etched by reactive ion etching (RIE) to form the 
straight rib waveguide structure. The side walls of the rib were very smooth such that 
scattering of light by the roughness of the walls was minimized. In some of the 
experiment samples, there was a thin oxide layer on the top of epitaxial guiding layer. 
The guiding properties of the waveguide had not significant change, because the 
refractive index of the air is close to SiOi when compare to silicon. 
W (4 _ 
M • 
air (n=l) • ‘ 
H \ —  
silicon (n=3.5) ， � � ^ _ | rH (3 _ + 




Figure 2.7: Detail structure of silicon waveguide used in the experiments 
An important feature of the buried oxide layer thickness is that it affects the guiding 
properties of the waveguide. The optical mode in the waveguide is substrate leaky. The 
evanescent field decays exponentially in the buried oxide layer. If the oxide layer 
thickness is too thin, the optical power would become leakage to the silicon substrate. 
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This is the same case as an optical coupler. Therefore, the oxide layer must be thick 
enough for the decay of evanescent field. Kurdi et al [7] calculated that for a single mode 
slab SOI waveguide with guiding silicon layer thickness of 0.2 jLim, when buried oxide 
layer thickness is larger than 0.3 |Lim, the attenuation due to substrate leakage would be 
smaller than 0.01 dB/cm at 1.3 |Lim wavelength. 
A Matlab program (shown in Appendix II) was used to calculate the number of optical 
modes support by the silicon waveguide. To simplified the calculation, the normalized 
eigenvalue equation is rewritten as: 
f U - 一 碑 a s ) 
From equation (2.3) and (2.4), rieff is the only unknown parameter to obtain the value of 
normalized propagation constant b. The normalized frequency V can be obtained by 
equation (2.1). Therefore, we can assume a range of values of rieff in the Matlab program 
to find out the number of supported modes. If we draw the curve as a function of rieff, it's 
easy to find out number of modes by observing the points intersect at/fUejf) = 0. 
However, there must be many modes supported by the slab waveguide due to the large 
index step (An�2.0) between silicon and SiO!. The refractive index of fundamental mode 
is expected be very close to that of the guiding layer (i.e. n=3.5). 
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As shown in Figure 2.8, there are 5 modes between rieff = 3.4 and Ueff = 3.5 for the rib 
region (silicon layer thickness=4.5 |Lim). Other modes (with n欢 smaller than 3.4) are not 
shown here. The fundamental mode (jie^ —rw =3.49894) is very close to refractive index of 
silicon. The effective index of second order mode (jieffi—rib) is 3.49045. 
• ,10001 1 1 1 1 [—1 1 1 1 n r 
, 8 0 0 - -
m^mmmm^mmmmmmm 
'-j!^； gpo - Mode 0 : . 
,生 , , � NeflD = 3.49894 
: 4 m •l^ o^de 4: Mode 3: Mode 2 : Model. � 
; , = Neff3 = 3.44771 NefO = 3.47342 Neff1 = 3.49C45 \ “ 
, ；‘ 0 ~~~~ ——-^^― 
J 
- , - 2 0 0 - -‘3,,‘ ---W 
G/ 4 0 0 - -
m 
棚 - -
- 8 0 0 - • 
-1000" 1 1 1 1 Li 1 1 1 J  
3.4 3.41 3.42 3.43 3.44 3.45 3.46 3.47 3.48 3.49 3.5 
Effective refractive Index (IMeflf) 
Figure 2.8: Number of modes supported by the waveguide under the rib region (H=4.5 |im) 
When the thickness of guiding layer decreased, value of normalized frequency V 
decreased too. As a result, the number of supported modes also decreased. 
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Figure 2.9 shows the supported modes by the slab region (silicon layer thickness=3 jLim). 
As shown in the graph, there are 3 modes between rieff: 3.4 and neff= 3.5. The effective 
index of fundamental mode {neffo—dat) is 3.49762. 
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Figure 2.9: Number of modes supported by the waveguide under the slab region (rH=3 |im) 
When Figure 2.9 is compared with Figure 2.9, the effective index of fundamental mode 
under slab region is smaller than the effective index of fundamental mode under rib 
region, but larger than the effective index of second order mode under rib region. That is, 
^effO_rib �^ejf0_slab �^eff\_rib (2.9) 
As light propagates under the rib region, the second order mode (and also other higher 
order modes) in the vertical direction will be cut off because the higher order modes in 
the rib region will be coupled to the fundamental mode of the slab region. In other words, 
the second order modes in the vertical direction have a double-peaked intensity 
distribution along the vertical axis. The peak near the bottom of the guide will couple out 
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into the fundamental slab mode of the rib region. This lateral leakage ensures that the 
second order modes will not propagate [12]. As a result, only the fundamental mode can 
propagate under the rib region and the waveguide become single-mode at vertical 
direction. 
For horizontal direction, it's easy to calculate the overall effective index by using neffl)_rib, 
neffl)_siab and rib width w (Figure 2.10). The overall effective refractive index rieff of the 
single-mode waveguide is 3.49828. 
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Figure 2.10: The overall effective refractive index n^ffOf the single-mode waveguide 
Apart from EIM, Petermann et al [12] derived the single-mode condition (at 1.55 |Lim 
wavelength) as: 
W r —<0.3 + - 7 = (2.10) 
H 
for 0.5 < r < 1 and in the limit of large H. 
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2.4 Conclusion 
In conclusion, this chapter reviews the SOI waveguide structure and its applications. The 
waveguide modal analysis method, called effective index method, is introduced. The 
silicon waveguide modes are calculated with a Matlab program based on EIM. The 
effective index of the fundamental propagation mode is also determined. The condition to 
achieve single-mode operation is discussed. 
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Chapter 3: Optical dispersion 
This chapter starts with the introduction of chromatic dispersion (including material 
dispersion, waveguide dispersion and modal dispersion) and polarization-mode 
dispersion (PMD). Then different dispersion measurement techniques are reviewed. This 
chapter also reports the chromatic dispersion and polarization-mode dispersion 
measurements of silicon waveguide. Both theory and experimental results are presented 
and discussed. 
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3.1 Introduction 
In optical communication networks, increasing demand for bandwidth requires higher 
data rates. The optical pulses are then become more close together to address the high 
data rates. The most significant limitation on the bandwidth of current optical 
communication systems is chromatic dispersion. For next generation 40 Gbit/s systems, 
polarization-mode dispersion (PMD) becomes the major limiting factor. 
3.1.1 Chromatic dispersion 
Ideally, a laser source should generate a monochromatic wave or pulse for transmitting 
data. The practical optical signals (including all modulated optical signals), however, are 
not monochromatic but consist of a narrow spectrum of light. Furthermore, the 
interaction between an electromagnetic wave and the bound electrons of a material results 
in a wavelength-dependent dielectric constant and a wavelength dependent refractive 
index [1]. The combination of finite-spectrum laser source and the wavelength 
dependence of refractive index causes each spectral component of an optical pulse to 
travel at a different velocity down the optical devices (either fibers or waveguides). This 
phenomenon is defined as chromatic dispersion. 
Chromatic dispersion can affect the pulsewidth of the optical pulses in either pulse 
broadening or pulse compression. Pulse broadening occurs when the leading edge of a 
pulse consist of wavelength components that travel faster than the trailing edge of a 
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pulse. On the other hand, pulse compression may occur in a limited length when the 
leading edge of a pulse travels slower than the trailing edge. 
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Figure 3.1: Dispersion causes pulse broadening and lead to intersymbol interference 
As shown in Figure 3.1, pulse broadening can lead to intersymbol interference. At the 
input, a series of pulses are launched into a dispersive medium (such as optical fibers or 
waveguides). The dispersion causes each of these pulses to spread in time. When they 
arrive at the output, the pulses have broadened to the point where they begin to seriously 
overlap adjacent pulses. This overlapping lowers the bit-error-rate (BER) of a 
communication system, thus the maximum data rate is limited. Therefore, dispersion is 
an important effect that must be understood particularly in optical systems which contain 
short optical pulses. 
In optical waveguides, chromatic dispersion presents in three types [2]: material 
dispersion, modal dispersion and waveguide dispersion. Material dispersion is caused by 
the wavelength dependence of refractive index n(A) in the bulk waveguide material. In 
practical, all optical pulses must have finite spectral bandwidth, A(入).If the pulse is 
launched in a dispersive material, each wavelength component of the pulse will travel at a 
different velocity. The pulse effectively spreads out (or disperse) in time and space. 
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In optical waveguides, we define the group velocity Vg as: 
^ ^  dn ^ ^ .. 
v„ = - c y i — - n (3.1) 
[dA J 
The time T needed for the pulse to travel distance L is: 
L L dn � 
T = — = 一 一 / I — - n (3.2) 
Vg dA J 
where c is the speed of light in vacuum, n is the refractive index and X is wavelength. 
The difference in arrival time after traveling a distance L for a small wavelength 
difference AX is: 
= — = (3.3) 
cU c dA' 
Usually, we use definition: 
D =-么会 (3.4) 
c dX-
as the dispersion parameter. 
Silica glass used in optical fibers has a zero material dispersion coefficient at a 
wavelength of about 1.27 \xm. At wavelengths shorter than the zero dispersion 
wavelength, the dispersion is known as normal dispersion or positive group velocity 
dispersion (GVD). For wavelengths longer than the zero dispersion wavelength, the 
dispersion is known as anomalous dispersion or negative GVD. Anomalous dispersion 
regime is very attractive for communication system because it supports soliton, which 
can propagate along the fiber without change in pulse shape. 
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Modal dispersion is the dominant cause of pulse spreading in multimode waveguides. 
The difference in velocity of the extreme modes determines the magnitude of the pulse 
spreading. Low-order modes have higher effective refractive index while the high-order 
modes have lower effective refractive index in the waveguides. Pulse broadening due to 
modal dispersion in a multimode waveguide can be estimated by comparing the two 
extreme cases for pulse propagation in a waveguide: (i), pulse propagation via a strongly 
confined mode which has an effective refractive index approximately equal to that of the 
guiding layer material (i.e., Uejf close to nj); (ii), pulse propagation via a mode, near cut-
off, which has an effective index approximately equal to the substrate refractive index 
(i.e., rieff close to ^2). The difference in pulse arrival time due to modal dispersion in a 
highly multimode waveguide using these two extreme cases is given by: 
Ar = — - ^ 2 ) (3.5) 
c 
where n! and "2 are the refractive index of the guiding layer and substrate respectively. 
Waveguide dispersion has generally the smallest magnitude of the three dispersion 
mechanisms. Usually waveguide dispersion is small, but it can be significant in single 
mode waveguides operating at wavelengths near the zero material dispersion wavelength. 
Similar to material dispersion, waveguide dispersion is caused by the wavelength 
dependence of effective refractive index, riej^ A). With proper design of waveguide 
geometry, waveguide dispersion can be used for shifting the effective wavelength of zero 
total dispersion in dispersion shifted fiber. The spread in arrival time of pulses because of 
waveguide dispersion is given by: 
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= (3.6) 
c dA^ 
Equation (3.6) is similar to material dispersion but using the effective refractive index rieff 
instead of refractive index n of the waveguide material. The partial derivative used in 
(3.6) since the effective index is also a function of the material index and the material 
index is a constant in (3.6). 
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3.1.2 Polarization-mode dispersion 
Polarization-mode dispersion (PMD) is generally not considered a chromatic form of 
dispersion. However, it can limit optical fiber transmission performance because it can 
also cause pulse broadening. It is caused by natural or induced birefringence in single-
mode optical fibers or components, which in turn causes polarization components of a 
signal to travel at different group velocities. As shown in Figure 3.2, the difference in 
arrival time of two light pulses launched into a fiber link or component along orthogonal 
polarization-modes is called differential group delay ( D G D ) , AT. D G D is the used to 
describe PMD and its units are picoseonds (ps) for components and short fiber lengths 
and ps/km!^ for long fiber. 
Slow Axis/f,. itfv \ 
/lU^ ~ ~ ^ � \ Birefringent 
Device 
Figure 3.2: PMD induced by the birefringence of the device [3] 
In optical components such as isolators and circulators, PMD is caused by the use of 
highly birefringent optical elements and is referred to as first-order or non-mode-coupled 
PMD [4]. In optical fibers, PMD is caused by a statistical deviation from perfect 
circularity of the core and is referred to as higher-order or mode-coupled PMD. The 
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deviation is an artifact of the manufacturing process. This induces birefringence in the 
fiber due to the ovality of the waveguide and external mechanical stress fields. Due to its 
random nature, the exact DGD of a section of single-mode fiber cannot be calculated. 
Instead, a statistical method is used to calculate the mean DGD and the standard 
deviation. In addition, the DGD varies with wavelength and drifts over time in installed 
fiber; thus, the measured DGD of a spool of fiber can be different than the measured 
DGD of the same fiber when it is installed. 
Similar to chromatic dispersion, PMD can also cause pulse broadening and lead to 
intersymbol interference in optical communication systems. The pulse width of a digital 
optical pulse becomes smaller as the data rates increase. In a fiber system, DGD should 
be kept lower than 10% of the pulsewidth [5]. Hence, for a 10 Gb/s system, 
approximately 10 ps total average DGD can be accepted. This figure is lowered to 2.5 ps 
when the system is upgrade to 40 Gb/s (Figure 3.3). 
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Figure 3.3: Acceptable PMD for different bit rates [3] 
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3.2 Review of dispersion measurement technique 
Measurement of dispersion is an essential part of developing a new optical device and 
evaluating the performance of a fiber system. Many measurement techniques have been 
developed to measure the chromatic dispersion and PMD. Some of them are reviewed in 
this session. 
3.2.1 Chromatic dispersion measurement 
Three most popular chromatic dispersion measurement methods are described. They are 
modulation phase shift method, Fourier transform spectroscopy and interferometric 
method. Each method has its particular measurement range and operating condition 
which could get the good results. Other dispersion measurement method such as RF 
modulation and pulse spectrum measurement can be found in ref. [6] and [7]. 
(1) Modulation phase shift method 
Modulation phase shift method [8] is the most popular method for chromatic dispersion 
measurement due to its accuracy and repeatability. This technique measures the phase 
shift as a function of wavelength and takes the advantage of the time delay causing a 
phase shift as the pulse propagates through the fiber. The disadvantage of this technique 
is that it requires expensive equipment such as high-speed optical modulators and 
detector. The measurement result is accurate only when the length of fiber is long enough 
and can't be used to measure the dispersion of short optical devices such as waveguide. 
35 
Optical Properties and Applications of Silicon Waveguides Appendix A 
Laser Intensity C O ) ！ 
source • modulator R ^ v e r 
Fiber 
‘ under test 
，r 
Reference ^ Phase 
electrical source meter 
Figure 3.4: Measurement setup for the modulation phase shift method 
Figure 3.4 shows the basic measurement setup for the modulation phase shift method. 
Continuous-wave light from laser source is modulated by a reference signal in the 
modulator and then applied to the fiber under test. The phase of transmitted signal is then 
compared to the original reference signal. The measured value for the modulated phase 
shift method is the group delay corresponding to a wavelength interval. The group delay 
is calculated by: 
t{X) = A (3.7) 
^ I 360L 
where Tis the period of modulated signal and L is the fiber length. 
The measurement is repeated at different wavelength. Finally, the chromatic dispersion 
can be calculated by: 
D 二 幽 丄 (3.8) 
dA L 
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(2) Fourier transform spectroscopy 
Fourier transform spectroscopy [9] only requires a broad band LED as a source and a 
slow detector. Scanned interference pattern data is taken in time domain. The data is 
numerically Fourier transformed to frequency domain using a standard FFT routine. 
Since the chromatic dispersion of an optical fiber or component is responsible for the 
phase variation at different wavelengths, dispersion information can be extracted from the 
transform data in frequency domain. 
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Figure 3.5: Measurement setup for Fourier transform spectroscopy 
The measurement setup is basically a fiber Mach-Zehnder interferometer (shown in 
Figure 3.5). The device under test (DUT) is put in one arm of the interferometer and the 
other arm consists a variable delay line. The amplitude of the Fourier transform data 
corresponds to the optical spectrum of the LED source. The dispersion of the test fiber is 
obtained from second derivative of the phase of the Fourier transformed data. 
37 
Optical Properties and Applications of Silicon Waveguides Appendix A 
(3) Interferometric method 
The interferometric method [10] for dispersion measurement is excellent for short fiber 
and optical components. It cannot be used in measurement of long fiber due to large 
optical path difference in the two arms of the interferometer. This technique utilizes the 
short coherence times that exist with partially coherent light. The resolution of this 
technique can be several orders of magnitude smaller than the phase shift technique. 
beamsplitter 
White light \ ^ DUX W 
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beamsplitter 
Figure 3.6: Measurement setup for interferometric method 
The experimental setup (Figure 3.6) incorporates a Mach-Zehnder interferometer to split 
the incoming white light into two beams. One beam is direct into the device under test 
while the other is directed into a reference path with a variable optical delay line. The two 
beams are recombined at the output with a beamsplitter. The cross-correlation between 
the two beams depends on the time-delay difference of the reference and device beams. 
The chromatic dispersion can then be calculated from the time-delay and output 
spectrum. 
This technique is applied in silicon waveguide chromatic dispersion measurements. The 
detail measurement theory will be described later in this chapter. 
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3.2.2 Polarization-mode dispersion measurement 
As mentioned in 3.1.2, first-order PMD is caused by the birefringence in optical 
components such as isolators and circulators. Higher order PMD is a statistical 
distribution in the fiber. Therefore, measurement of PMD can be divided into two 
categories. One is measuring the DGD of optical components, which involves time-
domain measurements by interferometric and optical pulse methods. In pulse method, 
ultra-short pulses are split by a polarization beamsplitter (PBS) to obtain TE and TM 
polarized pulses and recombine by a Michelson interferometer. The recombined pulses 
are then coupled into the device under test. The difference in the arrival time of TE and 
TM pulses is the DGD. The resolution of this method is depend on the pulsewidth of the 
source. Similar to pulse method, interferometric method incorporates a Michelson 
interferometer to generate two TE and TM polarized pulses and coupled into device 
under test. The polarizations of output pulses are then rotated by 45^ by a half-waveplate. 
Finally, the pulses pass through a vertical polarizer to obtain the interference fringe. The 
fringe will be shifted (compare to the case of no device) if the device presents PMD. 
The other category is PMD statistical properties of the fiber, which involves frequency-
domain measurements based on the evolution of states of polarization (SOP) as a 
function of wavelength. Several techniques have been developed in frequency domain 
measurements, such as Jones-Matrix Eigenanalysis (JME) [11], Poincare Sphere method 
(PS) [12], backscattering technique [13] and Four-wave Mixing [14]. 
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3.3 Measurement of chromatic dispersion in silicon waveguide 
We report for the first time measurements of the dispersion coefficient in a silicon 
waveguide at 1.55 |jm wavelength. The total dispersion was found to be only -9.1 
fs/[nm.cm]. 
3.3.1 Experimental setup 
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Figure 3.7: Experimental setup of free-space Mach-Zehnder interferometer: PBS, polarization beam 
splitter; BS, beam splitter; Ml , M2, mirrors; WG, silicon waveguide. 
The experimental set-up consists of a free-space Mach-Zehnder interferometer (Figure 
3.7). A semiconductor optical amplifier (SOA) was used as the broadband optical source. 
The amplified spontaneous emission (ASE) output of SOA has a 3dB spectral width of 
40nm and maximum output at 1540 nm. The light from the SOA was split into two: one 
path passes through the silicon rib waveguide while the other acted as the reference path 
of the interferometer. The polarization of the light in the waveguide path was rotated by 
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90 degrees using a half waveplate in order to produce the same polarization arriving at 
the detector from the two paths. A movable retroreflector, which can be positioned by a 
piezoelectric transducer, provides a finely adjustable variable optical delay in the 
reference path. An optical spectrum analyzer (OSA) records the output spectra of the 
interferometer. 
3.3.2 Measurement theory 
Due to chromatic dispersion of silicon waveguide, different wavelength components of 
broadband source propagate through the waveguide with different time delay Tw [15]. The 
dispersion coefficients of silicon waveguide are obtained by determining the relative 
group delay as a function of wavelength from the output spectra . When the time delay of 
the reference path is varied, interference fringe are observed only at the wavelength for 
path difference within the coherence length. 
To obtain the relationship between the dispersion and output spectra, we first let E^ and 
Er to be the electric fields of the waveguide and reference beams at the output of the 
interferometer: 
�exp[—y(从’L +狄)] (3.9a) 
j[P,s + aJt)] (3.9b) 
where L is the waveguide length, s is the reference arm optical path, ^ and Pr are the 
propagation constants in the waveguide and the air respectively. 
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The spectrum of the combined beam at the output of interferometer is given by: 
= ~ l + cos[^(^y)] (3.10a) 
i//(a))= psL-prS (3.10b) 
Then, Ps and Pr are expanded as functions of the frequency difference (�-⑴。）around 
frequency � �. T h e time delay of the reference path, T � , is varied to approximately equal 
to time delay of waveguide path, T^  . ； is a function of frequency 0)�(or wavelength 入�). 
When ； at 入。is equal to To (i.e. r^Q^o)-To = 0), the output spectrum is given by [16]: 
' � �l + c o s 化 厂 瓜 乂 + 了 义 + 丁 J + . . . 
(3.11) 
According to equation (3.11)，the output spectrum is a cosine function. Neglecting the 
third-order term, the spectrum is symmetric at a center wavelength Xo，at which point 
；(入o) =To. The spacing between the maximum points of the spectrum is the largest at XQ 
and becomes smaller as X moves from XQ at either direction. By varying reference arm 
time delay T。，the corresponding 入o can be determined. As a result, time delay of silicon 
waveguide as a function of wavelength, T i^X), can be obtained. 
Two interpretation methods of experimental data can be used to calculate dispersion 
coefficient of silicon waveguide. A polynomial expression is fitted into A(入)，and 
chromatic dispersion coefficient can be obtained by the derivative of the fitted 
polynomial. It is also possible to obtain dispersion coefficient directly from equation 
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dr (A ) dr U )l 
(3.11). The term ~ … �“ i s proportional dispersion coefficient by 二 '“一 =D. By 
dA OA L 
assuming different parameters (including dispersion coefficient) in the equation (3.11), 
we can fit an equation into the spectrum obtained. However, the first method is much 
simpler and we used it in our experiments. 
3.3.3 Results and discussions 
Figure 3.8b shows a typical output spectrum which recorded a shift in center wavelength 
Xo of 9.8 nm (with respect to Figure 3.8a), when the reference path time delay was 
increased by 180 fs. 
1480 1520 1560 1600 wavelength (nm) 
1 1 1  
1480 1520 1560 1600 wavelength, (nm)  
Figure 3.8: (a) Normalized output spectrum before increasing time delay; (b) the spectrum after increasing 
0.18 ps time delay. 
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To test the reliability of the experimental setup, a calibration process was done before 
measuring the dispersion of waveguide (Figure 3.9). 
(a) air 
~ > 
SQA i - Q — y ~ s U ~ 0 ( H ^ 
(0) 
(b) Im-length DCF 
t ^ V Q r ^ 
Figure 3.9: Calibration process setup 
Firstly, the output spectrum of the setup was measured without waveguide. The 
background dispersion of the setup was found to be nearly zero and could be neglected. 
Then, instead of waveguide, we used a Im-length dispersion-compensatin fiber (DCF) 
which had a dispersion of —99.5 ps/nm/km at 1.54 |Lim to verify the accuracy of the 
measurement. 
Dispersion Compensating Fiber 
•9 0 卞〒. 
I T 
百 - 9 5 _ 丄 T 1- ^ ^ ^ ^ ±2% Error Bars 
1 1、'：、： -r C 丄 、，. ., T 
Hi � T T 
S -100 - : :、 ，， T T 
c 上、、 ，> ‘ T T 
0 丄〜、 ‘.，， T T 
1 丄 、 . . T T I 
I -105 - ，，. 
5 工 ~ IT 
-110 -1 1 1 1 ^ 
1510 1530 1550 1570 1590 
Wavelength (nm) 
Figure 3.10: Comparison of fiber manufacturer's specification (dash line) and measured result (dotted line) 
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Figure 3.10 shows the comparison of fiber manufacturer's specification (dash line) and 
measured result (dotted line). The error was within 2%. 
Using the 1.7 cm long silicon waveguide instead of the DCF, we obtained the result 
shown in Figure 3.11. 
1.6 1 -I 
1.4 - - " ^ m ^ 
1.2 — y = 2.62E-05x^ - 9.65E-02x + 8.72E+01 




0 . 2 - -
0 -I h- 1 1 1 ^^ """""" 
1500 1520 1540 1560 1580 1600 
Wavelei^th (nm) 
Figure 3.11: Measured relative time delay (AT) against 入�in the experiment 
The calibrated dispersion coefficient is obtained from the slope of the curve in Figure 
3.11 by curve fitting. The calibrated result is shown in Figure 3.12. The sign of the 
dispersion is opposite to that of conventional single mode optical fiber. The total 
dispersion was found to be -9.1 fs/[nm.cm] at 1.54 |Lim and the dispersion slope was 0.04 
fs/[nm^.cm]. 
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Figure 3.12: Chromatic dispersion of silicon waveguide from 1.51 |xm to 1.59 |im 
With the light guided in the rib waveguide region we obtained the measurement of the 
total dispersion from the waveguide. Since the substrate and rib waveguide region are 
both made of silicon, we were able to measure the material dispersion by using the 
unguided light passing through the silicon substrate. For the waveguide used in the 
experiment, we found that the material dispersion dominates the total dispersion. The 
waveguide dispersion, which is equal to the difference between total dispersion and 
material dispersion was of the order of 0.05 fs/nm/cm in good agreement with waveguide 
simulation results. The chromatic dispersion in bulk silicon should be similar to that of 
the silicon waveguide because the unguided light in the silicon substrate can be seen as 
the light passing through the bulk silicon. 
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An independent experiment (Figure 3.13) was performed to observe the net effect of 
dispersion and SPM in the time domain and confirm the obtained dispersion results. 
Femtosecond optical pulses were produced from a passive mode-locked fiber ring laser. 
The optical pulses were amplified by an EDFA and had frequency chirp because of the 
SPM in the EDFA. An autocorrelator measured the output pulsewidth at different peak-
coupled power in the waveguide. 
Figure Eight Femtosecond 
Laser optical pulse 
^ ^ I Attenuator 
( ) I ^^ IAAA _ I C �� •^  I ~ ( f f j 麵 • ’ • • • • • • • I �^ ~ Autocorrelator 
^ ^ ^ ^ Vy \i ly ^ ^ 
EDFA Polarizer W G 
(TE/TM) 
Figure 3.13: Femtosecond pulsewidth measurement 
At low power coupled to the waveguide, the positive group velocity dispersion (GVD) in 
the silicon waveguide dominates and the optical pulse was compressed by linear 
dispersion from 376 fs to 329 fs (Figure 3.14). The compression is consistent with both 
the sign and magnitude of the dispersion coefficient found from the Mach-Zehnder 
measurement. When the peak coupled-power was increased, the output pulsewidth was 
broadened by SPM in the waveguide to about 376 fs. 
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Figure 3.14: Output pulsewidth versus peak-coupled power 
(circle: Calculated result; triangle: Measured result) 
The measurement errors were mainly due to two reasons: (1). the linewidth (O.OSnm) of 
the spectrum analyzer and the center wavelength reading error; (2). the curve fitting may 
introduce some errors when calculating the slope of T(入).We estimate the measurement 
error to be about ±10%. 
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3.4 Measurement of polarization-mode dispersion in silicon waveguide 
PMD in silicon waveguide is caused by birefringence and waveguide geometry design. 
Although birefringence of silicon is very low (<10'^) [17], poor waveguide geometry 
design may lead to large value of DGD because the effective refractive index rieff of TE 
and TM mode inside waveguide can be very different. DGD of silicon waveguide was 
found to be in the order of 10' ps. 
3.4.1 Experimental setup 
Agilent 8509C 
Polarization Analyzer 
P C . External nnH^t i l r \ i 
® o Source Input ^Ptical Optical 
CD CD O 
HP 8168F J  
Tunable Laser Source [ 
:.7 A A ^ 
I—^_I \J 1 \J 
h … 义 Y wG 
fiber 
Figure 3.15: PMD measurement setup 
Light source from tunable laser (HP 8168F) was connected to external source input of 
polarization analyzer (Agilent 8509C). The polarization of incident light was controlled 
by the polarization controller (PC) inside the analyzer. Then the light was coupled into 
the waveguide from optical output of the analyzer. The light experienced DGD inside the 
waveguide and finally coupled into the analyzer to obtain the measurement data. DGD of 
silicon waveguide at different wavelengths was calculated by the computer. 
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3.4.2 Simulation results 
The waveguide geometry is simulated by Optiwave BPMCAD 3D Mode Solver. 
Effective refractive index rieff of TE and TM mode at different wavelengths were 
calculated by the software, and DGD of the waveguide is given by: 
(3.12) c 
where L is waveguide length and c is speed of light in vacuum. 
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Figure 3.16: Simulation results captured from BPMCAD 
Figure 3.16 shows the calculated Uejfof silicon waveguide from 1550.25 nm to 1553.25 
nm wavelength. 
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3.4.3 Results and discussions 
Comparison of measured and simulated PMD of Si waveguide 
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Figure 3.17: Comparison of measurement and simulation results 
As shown in Figure 3.17, DGD of the waveguide was found to be in 0.01 to 0.04 ps, 
which was in the same order with simulation result. Unfortunately, according to the 
specification of polarization analyzer, the system accuracy is typically better than 0.06 ps. 
Since the measured results were smaller than this value, we can only conclude that DGD 
of the waveguide was in the order of 10'^  ps. 
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Using the same setup, we also measured DGD of erbium-doped fiber amplifier (EDFA), 
semiconductor optical amplifier (SOA) and optical modulator (MOD). Silicon waveguide 
had the smallest DGD among all the components listed (Figure 3.18). 
Comparison of PMD of Si WG with other components 
6 
1::=:: 二 ^^  
0 I I I I . • • 
Si WG EDFA SOA MOD 
Figure 3.18: Comparison of PMD of silicon waveguide with other components 
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3.5 Conclusion 
In conclusion, we measured the dispersion of silicon waveguide at 1.5 jLim for the first 
time. The chromatic dispersion in silicon waveguides (-9.1 fs/[nm.cm]) at 1.55 i^m 
wavelength will not have any significant impact for optical communication systems 
working at 40 Gbit/s or even 80 Gbit/s. We also measured the DGD of the silicon 
waveguide, which was found to be in the order of 10' ps. Such a small DGD will also 
haven't any impact on high bit-rate system. 
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Chapter 4: Nonlinear properties 
This chapter starts with the introduction of nonlinear refractive index, self-phase 
modulation and two-photon absorption. Then measurements of the nonlinear coefficients 
in the silicon waveguide at 1.54 [im are described. The experimental techniques and 
results are discussed. 
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4.1 Introduction 
In optical waveguides, very high intensities can be attained because the effective area of 
the waveguide can be very small. The intensity dependent optical properties, called 
nonlinear optical effects, can be easily observed in optical waveguides. 
4.1.1 Nonlinear refractive index (optical Kerr effect) 
Nonlinear refractive index, also called optical Kerr effect, is one of the nonlinear effects 
and appears as a refractive index change that is proportional to the optical intensity L The 
optical Kerr effect is the phenomenon in which the refractive index of the medium 
changes when the electron orbit is deformed by the strong electric field [1]. The 
refractive index, n, of a material can accurately be written as [2] 
n{l) = nQ (4.1) 
where n�is the normal refractive index and n�is the nonlinear refractive component (also 
called Kerr coefficient). The Kerr coefficient in fused silica is typically 3.2 x 10—16 
cmVw. In low intensities, n2 is very small and n(I) is nearly equal to rio. 
An effective area, Aeff may be defined in optical waveguides such that the intensity given 
by P/Aeff can be used to describe the nonlinear effect averaged over the optical intensity 
distribution I(x,y). The effective area of the waveguides can be very small, such that the 
intensities can be extremely high. The average refractive index change experienced by 
the optical waveguide mode from optical Kerr effect is 
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P 
An = —— (4.2) 
average 2 a \ • 
�f f 
We use Anaverage here because the refractive index change varies across the waveguide 
mode since the intensity distribution is not constant. The effective area, Agff, is given by 




J J —oo—oo 
where I(x,y) is the intensity profile inside the waveguide. 
4.1.2 Self-phase modulation 
When a high-intensity short pulse is coupled into the waveguide, the instantaneous phase 
of the optical pulse rapidly changes through the optical Kerr effect. The phase changes 
lead to frequency chirp and then cause spectral broadening when the pulse is propagating 
inside the waveguide. This spectral broadening operating on high intensity optical pulses 
is called self-phase modulation (SPM). 
Consider a plane wave propagating through the waveguide at z-direction 
二 i V 加如 ) = 0 (4.4) 
where ko=cO(/c. By considering Kerr effect, the instantaneous phase 6'can be described as 
CO 7 r -, 
e = (0^t — ~^ 1/1�+ n^I{t)\ (4.5) 
c 
The instantaneous frequency is the rate of change of phase 
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字=历0 (4.6) 
at c at _ 
Therefore, the pulse experiences a frequency chirp that causes a reduction in the 
instantaneous frequency on the rising edge of the pulse and an increase in the frequency 
on the falling edge of the pulse. Since frequency chirp depends on the propagation 
distance z，it is possible to increase considerably the spectral broadening by increasing the 
waveguide length. 
4.1.3 Two-photon absorption 
When the light propagates in the semiconductor waveguide, the power not only suffer 
from the linear loss such as bandgap absorption and surface roughness, but also suffer 
from a nonresonant nonlinear process called two-photon absorption (TPA). The physical 
mechanism of TPA is described in Chapter 6. The losses arising from linear absorption 
and TPA can be described by 
— = (4.7) 
dz 
where I is the intensity of the light, a is the linear absorption coefficient and Pz is the 
TPA coefficient. 
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4.1.4 Impact of nonlinearities on waveguides 
Optical Kerr effect is very important in nonlinear optical devices such as ultrafast all-
optical switches. The nonlinear refractive index change due to changes in optical 
intensity is nearly instantaneously (smaller than 100 fs). It is very useful to have a 
waveguide with large Kerr coefficient because the power required for switching power is 
inversely proportional to n). 
The combination of SPM and dispersion can support optical soliton, a pulse which 
maintains its shape when propagates in a medium. For example, optical fiber can be seen 
as a special kind of waveguide. When the optical pulse propagates in the anomalous 
dispersion region of the optical fiber, the compression of the optical pulse due to SPM 
balances with and cancels the pulse broadening caused by dispersion. Thus the pulse 
shape can be maintained. 
TPA will limit the maximum peak power of pulses propagating inside the semiconductor 
waveguide or optical fibers. Thus optical amplifiers are needed to boost up the signal in 
long haul fiber systems. Moreover, TPA can be significant [3] and is potentially 
detrimental to wavelength division multiplexing (WDM) applications because it can 
produce crosstalk between different wavelength channels [4]. However, TPA is useful in 
some waveguide components such as waveguide autocorrelator. We have constructed a 
silicon waveguide autocorrelator which is described in Chapter 6. 
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4.2 Measurement of nonlinear refractive index n] and TP A coefficient 
We measure, for the first time, nonlinear refraction and two-photon absorption in a 
silicon waveguide at 1.54 |im wavelength. The nonlinear refractive index (n2) and the 
18 
two-photon absorption coefficient (y^)of silicon waveguide were found to be 4x10" 
m^AV and 0.45 cm/GW respectively. Also, a n phase shift from self-phase modulation 
was observed in optical pulses of 60 W peak-coupled power. 
4.2.1 Nonlinear refractive index (n】） 
The optical pulses used in the experiments were generated from a 1.54 jam wavelength 
gain-switched distributed feedback diode-laser, with 54 ps full width half maximum 
(FWHM) pulsewidth. In order to obtain high peak power pulses, the chirped optical 
pulses were then amplified by two erbium doped fiber amplifiers (EDFA) in cascade. The 
amplified pulses were coupled into the waveguide by end-fire coupling from a cleaved 
optical fiber. The total insertion loss was �5 .9 dB (about 3 dB loss from reflections of the 
two uncoated facets, 2.7 dB coupling loss and 0.2 dB linear loss). 
By measuring the spectral broadening caused by SPM in the waveguide, we measure the 
nonlinear refractive index n2 of the silicon waveguide. At high peak-coupled power, the 
dominant mechanism for changes in optical spectra was SPM. It was very difficult to 
accurately calculate the SPM in the waveguide purely from the changes in output spectra. 
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Instead, we used the method of matching output spectra from a known length of optical 
fiber, which had a known optical Kerr coefficient and effective area. 
J ( b ) I 
� I A A A ^ 
Wavelength (1 nm /div) Wavelength (1 nm /div) 
Figure 4.1: Output spectrum (a) after SPM in silicon waveguide and (b) from 12 m long optical fiber 
Figure 4.1(a) and 4.2(b) show the spectrum at 60 W peak-coupled power after SPM in 
silicon waveguide and from 12 m long optical fiber respectively. The two graphs were 
almost the same. The output spectrum was very sensitive to input power level because of 
SPM inside the waveguide. 
In semiconductor waveguide with linear absorption coefficient a, we define the effective 
length as 
1 — -ccL 
(4.8) 
JJ a 
where L is the waveguide length. 
The nonlinear phase shift (A^) induced by SPM is determined by 
l/rLffn.P： 
M> = ；f 2 ‘ (4.9) 
where P, is the peak coupled power. 
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Figure 4.2: Phase change against peak-coupled power 
The nonlinear phase changes (Figure 4.2) was determined by passing the same input light 
through a carefully cut length of optical fiber instead of the waveguide, such that the fiber 
produced the same output spectra as the silicon waveguide. A 7i phase shift was produced 
in the silicon waveguide at 60 W peak-coupled power, indicating that the nonlinear index 
of the silicon waveguide had a magnitude of 4 (±0.7) x m^/W. The accuracy of the 
results depends on the calculation of effective area, effective length and coupled power 
into the fiber and waveguide. J. J. Wynne et al [7] measured n2 of crystalline silicon to be 
4.5 X 10-18 mVw (or 1.4 x esu) at 10.6 |im wavelength. 
4.2.2 TPA coefficient � 
Two-photon absorption (TPA) in silicon has been previously studied at a wavelength of 
1.06 |im [5,6]. J. F. Reintjes et al [6] measured TPA coefficient of silicon to be 1.9 
cm/GW (20 K) and 1.5 cm/GW (100 K) at 1.06 |J.m wavelength using picosecond pulses. 
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T. F. Boggess [5] also measured room temperature crystalline silicon TPA coefficient to 
be 1.5 cm/GW at 1.06 |Lim wavelength. 
At a wavelength of 1.5 jam in silicon, TPA is expected to be much smaller because the 
photon energy (0.8 eV) is less than half the direct bandgap of silicon and only indirect 
(phonon-assisted) transitions from TPA is possible. To study the TPA inside the silicon 
waveguide, the peak-coupled power inside the silicon waveguide was varied by an 
optical attenuator. The value of TPA coefficient Pz can be determined by plotting 
reciprocal transmission (lAT) against peak-coupled power. It is straightforward to show 
that the relationship between 1/T and TPA coefficient by [3] 
丄二 gOL：^ 爲 g + g O L (4.10) 
T AEFF 
6 
5 - 1 
； 4 • j e • ^ d 
I 3 • 
I 2 -
I 1 • 
S 0 • I I t 
0 5 10 15 20 25 
Peak-coupled power (W) 
Figure 4.3: Reciprocal transmission versus peak-coupled power 
Figure 4.3 shows the reciprocal transmission versus peak-coupled power of 5 W to 22 W 
in the silicon waveguide. From the slope of the line and equation (4.10), the value of P2 
was found to be 0.45±0.1 cm/GW. 
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4.2.3 Conclusion 
In conclusion, we measured for the first time the nonlinear refraction and two-photon 
absorption in a silicon waveguide at 1.54 |Lim. The nonlinear refractive index coefficient 
1 o ^ 
was found to have a magnitude of 4x10" m /W and it was possible to achieve a n phase 
change using 60 W of peak-coupled power. It is possible to achieve a n phase shift at 
lower optical power if longer waveguide lengths or smaller effective areas are used. 
Therefore, silicon waveguide has the potential to use in ultrafast all-optical switches. 
Moreover, the TPA coefficient of silicon was found to be 0.45 cm/GW, which is much 
smaller than for InP/InGaAsP waveguides because only phonon-assisted two-photon 
transitions are possible. The high peak powers required for TPA in silicon should ensure 
that TPA does not contribute to crosstalk in DWDM components at the optical powers 
normally employed in communications systems. Silicon waveguides are thus suitable for 
DWDM components in optical communication systems. 
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Chapter 5: Loss in ion-implanted silicon waveguide 
This chapter describes the measurement of loss in an iron-implanted silicon waveguide 
by Fabry-Perot interferometric method. The loss of the waveguide was found to be only 
16 2 
1.7土0.5 dB/cm for implant dose of 1x10 cm" . The background of ion implantation 
technique on developing new materials is also discussed. 
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5.1 Introduction to ion implantation 
In the last two decades there has been increasing interest in the development of silicon-
based optoelectronics. This allows integration of conventional silicon circuit components 
and optical component into a single chip. There have been many reports of compact 
integrated optical circuits made by silicon optical waveguides [1]. However, because 
silicon has an indirect bandgap, the silicon optical integrated circuits could only be 
composed of passive components. Therefore, new materials must be developed to obtain 
the active components used in silicon-based optoelectronics. 
Ion implantation is a convenient way to incorporate metal ions into semiconductors to 
develop new materials. Formation of a buried or surface compound layer on silicon wafer 
can be realized by this technique. A variety of compounds can be formed ranging from 
metals to semiconductors to dielectrics, with properties of these compounds being 
determined by several parameters: the incident ion species, the target material, the ion 
energy, the implanted dose, the substrate temperature during implantation and the 
subsequent annealing temperature and time. Among most of the ion implanters, metal 
vacuum vapor arc (MEWA) ion source is capable of providing almost all the metal-ion 
species with a very high current density. 
Recent years, many researches have focused on semiconducting silicides due to its 
possibility of direct bandgap. Some experimental studies of P-FeSi� suggested that the 
bandgap of (3-FeSi2 is about 0.8 eV, which allows light emission at 1.54 |im, the low loss 
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transmission wavelength in optical fibers [2]. Silicon LED operating at 1.5 |Lim 
wavelength has been realized [3]. The device incorporated P-FeSii into a conventional 
silicon bipolar junction by the ion implantation technique. Recently, M E W A ion source 
has been used to deliver high dose of Fe ions to form P-FeSi2 on silicon [4]. 
Moreover, researches have been concentrated on studying CrSii due to its compatibility 
with silicon-based electronic devices with no toxicity. The bandgap of CrSi! is 0.35 eV, 
which is a promising material for the fabrication of infrared detectors [5]. Erbium doped 
waveguide amplifier (EDWA) is an attractive component to provide gain medium in the 
optoelectronic integrated circuits. Such waveguide amplifiers have been successfully 
fabricated by ion-implantation technique over the last decade [6]. 
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5.2 Ion-implantation process 
The waveguide used in the experiment was a SOI structure. The iron ions were implanted 
perpendicular onto the top of the waveguide. The structure of the implanted waveguide is 
shown in Figure 5.1. The waveguide was cleaved according its crystal orientation to 
obtain smooth facets. Two vertical facets formed a Fabry-Perot interferometer. 
Implanted iron 
^ ^ ions 
Si (rib waveguide) 
\ . 
Si (substrate) S1O2 
Figure 5.1: Cross-sectional view of implated waveguide 
The implantation process is performed by M E W A (Metal-Vapour-Vacuum-Arc) ion-
implantation system in CUHK solid-state laboratory. Fe ions were implanted directly 
from the top surface of the waveguide with an angle of 90 degree to the horizontal. The 
average ion energy used was about 80 keV and the dose was 1x10^^ cm'^. An implanted 
layer was formed near the top surface of the waveguide. Then the waveguide is annealed 
at 900 degree Celsius for 30 hours to minimize the damage formed during implantation 
process. 
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The simulation software, TRIM, was used to estimate the ion distribution inside the 
waveguide. From the profile shown in Figure 5.2, most of the Fe ions concentrate at the 
depth of about 60 nm from the surface. 
Figure 5.2: Ion range inside the waveguide (simulated by TRIM) 
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5.3 Loss measurement by Fabry-Perot interferometer 
Figure 5.3 shows the experimental setup of the loss measurement. During the experiment, 
light from tunable laser was end-fire coupled into the waveguide by a cleaved fiber. Light 
coming out from the waveguide was then collimated and received by a photodiode. A 
500 MHz CRO was used to monitor the output optical power. 
Tunable < w ) f \ Power 
Laser Source ^ me er [ _ _ _ _ ] \J   
waveguide 
Figure 5.3: Experimental setup of loss measurement 
Optical mode of the waveguide has some overlapping with thin lossy ion implanted layer. 
This may increase the loss for implanted waveguide when compared with non-implanted 
silicon waveguide. Since the waveguide can be seen as a Fabry-Perot interferometer, we 
can measure some of the waveguide properties such as free-spectral-range (FSR) and loss 
parameters. The effective refractive index (iieff) of the waveguide can be measured from 
FSR by 
FSR = ^ - (5.1) 
1 �f f L 
where L is the waveguide length. 
Loss parameter (a) of the waveguide can be calculated by 
I . (^yfc +l] .1 �� 
A = —\N R—F=——cm (5.2) 
L I 
Waveguide loss can also express as 
Loss = ) dB/cm (5.3) 
where R is the reflectivity of facets and c is the contrast ratio of Fabry-Perot spectrum. 
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5.4 Results and discussions 
2 
FSR of the waveguide is estimated to be as small as in the order of 10" nm before the 
measurement. Therefore the resolution of the tunable laser was set to its smallest value 
(0.001 nm). When the wavelength of light source was tuned, the output optical power 
varied due to the different Fabry-Perot modes. 
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Figure 5.4: Output power at different wavelength of (a) non-implanted waveguide and 
(b) iron-implanted waveguide 
Figure 5.4(a) and 5.4(b) show the output spectra recorded by CRO for a non-implanted 
and an iron-implanted waveguide sample respectively. Each step in the graph represents 
0.001 nm because the tuning mechanism of the laser source is not continuous. The 
measured FSR of the 17 mm silicon waveguide was 0.021 ±0.00Inm. From the contrast 
ratio, the loss of non-implanted waveguide was found to be about 0.2±0.1 dB/cm, which 
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was well matched with other reports [7], while the loss of the iron-implanted waveguide 
was found to be 1.7±0.5 dB/cm. 
16 2 
In conclusion, the loss of silicon waveguide implanted at the dose of 1x10 cm" was 
found to be acceptable (�1 .7 dB/cm). Other optical properties, such as nonlinearities and 
bandgap characteristics, of the ion-implanted silicon waveguide have to be investigated in 
the future. If there were some enhancement in the nonlinear optical properties in the 
silicon waveguide, there would be a great potential for integrated ultrafast all-optical 
switches in optical communications. Otherwise, if there are some carriers generated 
inside the silicon waveguide from low power 1.5 |im wavelength incident light, the 
waveguide maybe used as a photodector. 
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Chapter 6: Silicon waveguide autocorrelator 
This chapter describes the use of a silicon waveguide for two-photon absorption 
measurements in an autocorrelator which achieved a peak-power average-power 
sensitivity of l(mW) at 1.56 |im wavelength and which was used to measure optical 
pulses generated by a mode-locked fiber ring laser. The experimental results agreed with 
a theoretical model of the two-photon-induced photocurrent generation inside the 
waveguide. 
76 
Optical Properties and Applications of Silicon Waveguides Appendix A 
6.1 Introduction on SHG and waveguide autocorrelation technique 
In high bit-rate optical communication systems, the generation and measurement of 
picosecond and sub-picosecond optical pulses at 1.55 mm wavelength is becoming more 
and more important. Conventionally, the measurement of picosecond and sub-picosecond 
ultrashort pulses is carried out by the well-known technique of optical autocorrelation [1]. 
This technique involves the use of a Michelson-type interferometer to spit an ultrashort 
pulse into two pulses. A variable relative time delay is added between the split pulse 
components before their recombination at a nonlinear crystal (with the correct crystal 
orientation for phase-matching) for second harmonic generation (SHG). The SHG signal 
is usually detected using a photomultiplier tube (TM) yielding a photocurrent as a 
function of relative delay. The signal is directly proportional to the autocorrelation 
function of the pulse. However, the combination of the phasematched nonlinear crystal 
and the sensitive TM tube for detection of ultrashort pulses makes such autocorrelation 
devices relatively bulky and expensive. 
Two-photon absorption (TPA) in semiconductors is an attractive alternative to SHG for 
autocorrelation [2-4] because of potential lower cost (compared to the use of PM tube 
detectors), increased sensitivity and ease of use resulting from having a wide wavelength 
range of operation without needing the adjustment of crystal tilt angle for phase matching 
of a nonlinear crystal for SHG. In this chapter, we study the use of a silicon waveguide 
for TPA autocorrelation. Silicon optical waveguides have potential for use in TPA 
autocorrelation despite the small value of the TPA coefficient in silicon at 1.55 \xm 
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wavelength (0.45 cm/GW) because of the long interaction lengths and low optical 
dispersion in silicon [5,6]. The large direct bandgap of silicon makes direct two-photon 
absorption energetically impossible, but indirect two-photon transition are present and the 
long interaction lengths make the possibility in an optical waveguide to provide easily 
detectable photocurrents from TP A. 
78 
Optical Properties and Applications of Silicon Waveguides Appendix A 
6.2 Theory of TPA absorption 
Two-photon absorption (TPA) is a nonresonant nonlinear process in the semiconductor. 
When the semiconductor is irradiated by photons with energy hv less than the 
semiconductor energy gap Eg, but greater than Eg/2, there is very little absorption of light 
due to the absorption of single photons. However, if the intensity of the incident light is 
high enough, an electron can be excited from the valence band to the conduction band by 
the absorption of two photons. 
W f W — 
r^y^^ 八 t — o n “ 
photons ^ F photons  
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(a) (b) 
Figure 6.1: TPA process in semiconductor: (a), direct transitions; (b), indirect transtions 
TPA occurs when the electron is excited from the valence to conduction band via an 
intermediate virtual state. In directly bandgap material (Figure 6.1a), when the first 
photon is absorbed to intermediate state, the momentum is conserved but the energy has 
not been conserved. The electron can only remain on this intermediate state for a time 
governed by the Uncertainty Principle [7]. If a second photon is absorbed within this time 
period, the electron can reach the final energy state and both momentum and energy are 
conserved. In indirectly bandgap material (Figure 6.1b), phonons are involved in TPA 
process due to conservation of momentum when the second photon is absorbed. 
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6.3 Two-photon-induced photocurrent in silicon waveguide 
Single beam measurement of the TPA photoconductivity was carried out to investigate 
the two-photon-induced photocurrent inside the silicon waveguide. The experimental 
results were compared with a theoretical model. 
6.3.1 Device structure 
Metal Contact a > 
：p^ i : V i J/ / • Si .….. ^ / 
Si (substrate) / 
Figure 6.2: Structure of the silicon waveguide autocorrelator 
Figure 6.2 shows the structure of the silicon waveguide used in the experiments. The 
waveguide core was the upper silicon layer (n=3.45). The buried oxide layer (n=1.45) 
and the air (n=l) were used as the cladding layers. The light confined under the rib region 
had an effective area of 6.2 |LLm^ . The waveguide had a linear loss of 0.1 dB/cm and a 
length of 17 mm. P-type and n-type dopants were implanted beside the rib region to form 
ap-i-n diode structure and ohmic contacts were made to the doped areas. 
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6.3.2 Intensity dependent photocurrent generation 
A single beam measurement of the TPA photoconductivity was carried out initially. 
Polarized (TE) picosecond optical pulses, produced from a passive mode-locked fiber 
ring laser were end-fire coupled into the waveguide via an objective lens. The p-i-n diode 
structure was reverse biased to sweep out the free carriers generated inside the 
waveguide. 
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Figure 6.3: Photocurrent against biasing voltage at 1.5 W TE-polarized peak-coupled power 
With low biasing voltage, the carriers inside the waveguide will recombine before the 
detection of external circuits. Therefore, the biasing characteristic of the waveguide was 
firstly investigated. As shown in Figure 6.3’ the output photocurrent approached its 
maximum value with 3V bias. 
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Figure 6.4: Photocurrent against peak-coupled power 
The incident optical power was then varied to different values with an optical attenuator 
at this bias. The measured photocurrent showed a quadratic dependence on the coupled 
power (Figure 6.4)，consistent with two-photon-induced photocurrent generation inside 
the waveguide. 
82 
Optical Properties and Applications of Silicon Waveguides Appendix A 
6.3.3 Theoretical modeling of photocurrent generation 
We calculated the average expected photocurrent by estimating the number of absorbed 
photons due to TPA inside the waveguide. Figure 6.5 shows the temporal profile of the 
laser output pulse measured by SHG autocorrelation and the inset is the spectrum. 
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Figure 6.5: Temporal profile and spectrum of mode-locked fiber ring laser pulse 
The temporal intensity profile I(t) was approximated by a hyperbolic secant 
7(0 = /, (6.1) 
\ ^ J 
where x is the time constant and h is the peak intensity of the mode-locked pulse and is 
related to the average intensity by 
I = ' - I (6.2) 
丄 o ave \ z 
T 
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The hyperbolic secant pulses had full width half maximum (FWHM) of 1.35 ps. The 
period between pulses (tp) was 56 ns. The average power and peak power were 290 jiW 
and 10.6 W respectively. 
As the light propagated along the waveguide (z-axis direction), its intensity I(z) would 
decrease because of linear loss and two-photon-absorption and the intensity change is 
described by 
— 二 - A 尸 (6.3) 
dz 
where a is the linear loss coefficient and P2 is the TPA coefficient. In the silicon 
waveguide, the linear loss a was of the order of 0.1 dB/cm and is mainly due scattering 
from rib wall roughness and does not generate any free carriers because of the photons do 
not have sufficient energy to excite any interband transitions. The TPA induced 
photocurrent may be described by 
N e 
(6.4) 
where Np is number of photons absorbed per second and e is the electron charge. The 
conversion efficiency of the waveguide autocorrelator, r|, was defined by the ratio 
between number of detected electrons with external electrical circuit and half the number 
of absorbed photons inside the waveguide. The number of electrons generated may suffer 
from inelastic collision or electron-hole pair recombination inside the waveguide. 
The absorption due TPA is different at each time instant over the pulse envelope and each 
point over the waveguide mode's spatial distribution. Therefore, the pulse shape over the 
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time domain and the waveguide mode field profile over the spatial domain must be 
integrated when calculating the number of photons absorbed. The pulse shape could be 
assumed by fitting an equation into the autocorrelation trace, as shown in equation (6.1). 
The waveguide mode field profile, I(jc，y), could be obtained by software simulation of the 
waveguide propagation. The number of photons absorbed per second is therefore 
OO [_, OO OO If 
« « « « dl 
/(JC, y)I{t)——dxdydzdt 
J J J J F^ J 
N 二 -°°o (6.5) 
P t , h v 
where L is the waveguide length and hv is the photon energy. 
In the single beam experiment, the photocurrent measured was 108 nA. The optical 
pulses were firstly passing through a polarization beam splitter to obtain a TE 
polarization. The average power right in front of incident coupling lens and after passing 
through waveguide was 140 |iW and 27 |LiW respectively. The corresponding insertion 
loss was 7.2 dB. This included 3 dB reflections of two uncoated waveguide facets, 0.2 dB 
of scattering loss inside the waveguide and 4 dB loss when coupling light into the 
waveguide by the objective lens. The corresponding peak-coupled optical power inside 
the waveguide was estimated to be 1.5 W. The expected photocurrent calculated from 
equation (6.4) and (6.5) was 275 nA for TE light, which is in the same order of 
magnitude as the measured result of 108nA. The calculation has a large uncertainty 
because both peak-coupled power and TPA coefficient are not accurately known. In 
agreement with equation (6.3)，the photocurrent was found to be proportional to the 
square of the optical intensity inside the waveguide. The photocurrent for TM 
polarization was measured to be 80 nA at the same incident optical power and bias. 
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Possible contributory reasons for the observed difference in TPA photocurrent of TE and 
TM light at the same incident power include the different TE and TM mode field profiles 
inside the waveguide (TE light is better confined and hence has a higher peak intensity) 
and the 5 degrees tilting of the waveguide facets which can also lead to different coupling 
loss for TE and TM light. 
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6.4 Autocorrelation measurement of short pulses 
Silicon waveguide was used in an autocorrelation measurement of ultrashort pulses 
generated from a passively mode-locked fiber ring laser. The output pulse shape was in 
agreement with the result obtained by a conventional SHG autocorrelator. 
6.4.1 Experimental setup 
The experimental setup for the silicon waveguide autocorrelation demonstration is shown 
in Figure 6.6. 
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Figure 6.6: Experimental setup of autocorrelation measurement. PBS: polarization beam splitter, 
R: biasing resistor, M: mirror. 
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Incident beam was firstly collimated by a lOX objective lens. The polarization beam 
splitter (PBS) then divided the incident beam into two orthogonal polarized beams. The 
half-wave plate controlled the optical power ratio of the two beams. The movable 
retroreflector provided a finely adjustable optical delay in one of the path. An optical 
chopper was placed at the same path to provide modulation on the input light beam. This 
allowed a lock-in amplifier to accurately measure the photocurrent generated inside the 
waveguide. The recombined optical pulses were then end-fire coupled into the waveguide 
through a lOX objective lens. Two current probes were placed on the top of the metal 
contacts of p-type and n-type doping regions respectively to detect the photocurrent. 
6.4.2 Results and discussions 
Figure 6.7 shows the autocorrelation trace of the laser pulse obtained by the silicon 
waveguide. 
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Figure 6.7: Autocorrelation trace obtained by silicon waveguide of pulse directly from 
fiber ring laser (1.35 ps FWHM) 
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The measured photocurrent has been averaged over a suitable period of time in the lock-
in amplifier to obtain a smooth trace. The full width half maximum (FWHM) 
autocorrelation width of TPA signal was 2.1 ps, which was corresponding to 1.35 ps 
pulsewidth for a real hyperbolic secant pulse. The temporal profile of the pulse was 
coincident with the result obtained by the conventional SHG autocorrelation after 
background calibration. 
To verify the performance of the silicon waveguide autocorrelator, the output pulses from 
passive mode-locked fiber ring laser was amplified in a standard erbium-doped fiber 
amplifier (EDFA). The pulses were compressed O530 fs FWHM) due to the combination 
effect of self-phase modulation (SPM) and dispersion of the fiber in the EDFA. Again, 
the autocorrelation trace obtained by silicon waveguide was in good agreement with the 
one obtained by SHG autocorrelation (Figure 6.8) 
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Figure 6.8: Autocorrelation trace of pulses experienced soliton compression and 
amplified in an EDFA (530 fs FWHM) 
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The sensitivity of the silicon waveguide autocorrelator was measured by inserting an 
optical attenuator in the incident beam path to reduce the optical power inside the 
waveguide. Figure 6.9 shows the autocorrelation trace of the pulses (193 mW peak-
coupled power and 5.3 |iW average power) obtained by waveguide autocorrelator. The 
output trace was averaged for longer time to obtain smooth curve and this lead to pulse 
broadening (from 2.1 ps to 2.3 ps). The error became significant but still acceptable at 
this power level. The phase of lock-in amplifier couldn't be locked with further 
attenuation of the incident light. 
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Figure 6.9: Autocorrelation trace of weakest coupled power 
(193 mW peak power and 5.3 |iW average power) 
The sensitivity of the silicon waveguide autocorrelator, defined as the product of the peak 
and average power of the minimum detectable signal, was found to be 1±0.2 (mW). 
This value is similar to that of a conventional SHG autocorrelator [8] and higher than that 
of silicon avalanche photodiode [9]. The sensitivity is limited by the amount of 
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photocurrent generated inside the waveguide. When the photocurrent is too small for the 
detection of lock-in amplifier, the optical pulse width cannot be measured. 
The time resolution of the silicon waveguide autocorrelator is limited by its dispersion of 
-9.1 fs/nm/cm [6] (not walk-off between TE and TM mode since birefringence is 
typically smaller than 10'^  [5]). For example, for an input 100 fs FWHM transform-
limited Gaussian shaped pulse (4.4 nm spectral width), the dispersed pulsewidth will be 
120 fs after 17 mm of waveguide. Since the bandgap wavelength of silicon is about 1.1 
|im the spectral operating range of the TPA autocorrelator is expected to be from 1.1 |Lim 
to 2.2 \im wavelength (two photons have insufficient energy to excite interband transition 
beyond 2.2 陣 wavelength). 
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6.5 Conclusion 
In conclusion, we developed an inexpensive and highly sensitive waveguide 
autocorrelator based on TPA of silicon. The sensitivity of the device was 1 (mW)^, which 
was the same as the conventional SHG autocorrelator. The device was easy to fabricate 
and proved the feasibility of a silicon-based integrated autocorrelator [3]. 
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Chapter 7: Conclusion and future works 
7.1 Conclusion 
This thesis reports the characterization of optical properties of silicon waveguides. In 
Chapter 3，chromatic dispersion coefficient was measured by an interferometric method 
and found to be -9.1 fs/[nm.cm] at 1.5 [im wavelength. The sign of the dispersion was 
opposite to that of conventional single mode optical fiber. Calibrations and verifications 
were done to further confirm the experimental results. Polarization-mode dispersion was 
measured by a polarization analyzer and found to be in the order of 10' ps. The nonlinear 
properties of silicon waveguide were reported in Chapter 4. By measuring the spectral 
broadening caused by SPM in the waveguide, nonlinear refraction was found to be 4 x 
10-18 mVw. A 71 phase shift from self-phase modulation was observed in waveguide with 
60 W peak-coupled power. The two-photon absorption coefficient was measured from 
the slope of 1/T transmission curve at different coupled powers, and found to be 0.45 
cm/GW at 1.54 |im wavelength. 
A novel method to develop optoelectronics devices was proposed in Chapter 5. Fe ions 
were implanted into the waveguide by M E W A ion source. The linear loss was then 
measured to be about 1.7 dB/cm at the dose of 1x10^^ cm"l A new application of silicon 
waveguide was described in Chapter 6. Silicon waveguide was used for two-photon 
absorption measurements in an autocorrelator. The setup was then used to measure 
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2 
optical pulses generated by a mode-locked fiber ring laser and the sensitivity of 1 (mW) 
was achieved. 
7.2 Future works 
Some future works can be done to Chapter 5. Firstly, nonlinear optical properties of 
silicon waveguide implanted with different ion sources at different doses can be 
investigated. All-optical switches can be constructed if there are any improvements in the 
optical nonlinearities. Besides, the ion implantation process can change bandgap structure 
of the silicon. For example, many researches reported that p-FeSii is direct bandgap at 
around 0.8 eV. If the bandgap energy of the silicon can be lowered to be 0.8 eV, silicon 
waveguide photodetector operating at 1.55 |Lim will become possible. The alternative to 
fabricate infrared silicon infrared photodetector is CrSi� because its bandgap is 0.35 eV. 
Moreover, erbium-doped silicon waveguide amplifier could also be achieved by ion-
implantation technique. MEVVA ion source has the advantage to deliver very high dose 
into the host material. High erbium dose inside the waveguide is the basic requirement 
for the sufficient amplifier gain. 
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Appendix A: Silicon waveguide fabrication process capability at CUHK 
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Oxidation: 
1. Switch on main power. 
2. Switch on furnace power. 
3. Set the temperature (e.g. 1060°C) at Zone 2. 
4. When the temperature almost reach 1060°C. Flow N2 (scale "3") to clean the 
furnace, put the paper card "In Use". 
5. Boiling water. 
6. When the temperature is high enough, flow O2 (scale "10") into the furnace. 
7. Put the wafer into the furnace. 
7.1 Put wafer on quartz boat. 
7.2 Put wafer at the entrance of furnace, wait for 5 mins. 
7.3 Push wafer into furnace with glass rod VERY slowly. 
8. 10 mins dry oxidation for good interface between SiOi and Si. 
9. Wet oxidation (e.g. 1 hour). 
10. 10 mins dry oxidation for good surface. 
11. Pull out the wafer with glass rod VERY slowly. 
12. Lower the temperature to about 800°C and wait. 
13. Switch off furnace and gas supply. 
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Photolithography (Negative Photoresist): 
1. Clean wafer with DI water and acetone. 
2. Dehydration in oven for 15 mins at 150°C. 
3. Spin a layer of AZ5214E photo resist on the wafer, (speed: 4000rpm) 
4. Soft bake for 2 mins at 90�C. 
5. Mask alignment: 
5.1 Open air value to supply N2. 
5.2 Switch on “Power’，. When the display shows “rdy”，then press “Start”. 
5.3 Wait until display shows “350”. Filament cooling system is ready now. 
5.4 Press red "Power" on control panel to switch on mask aligner. 
5.5 Use “Load，，and "Align" to move in and out the stage. 
5.6 Press "Set Exp. Time，，to set the expose time (40 s). Press again to finish. 
5.7 Put the mask on the holder. Then put the wafer under the mask. 
5.8 Pull the bar on left to contact the mask and wafer. Use "Chuck down" to 
separate them, “contact，，and "WEC" will light up if in good contact. 
5.9 Press "load" the move the stage for expose. 
5.10 Press "Expose" and wait for 40 seconds. 
6. Reversal bake in oven for 2 mins at 90°C. 
7. Put a dummy wafer under mask. Then contact the mask and the dummy wafer. 
8. Put the reversal-baked wafer above mask and expose whole wafer. 
9. Develop photo resist. 
10. Hard bake in oven for 3 mins at 120°C. 
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Si02 Etching: 
1. Use plastic beakers during this process. 
2. Put wafer into BHF (NH4F:HF:H20 = 6:1:7). 
3. Wait about 8 mins. (Time will be different in different BHF, maybe up to 12 mins 
or more) 
4. When the wafer shows property of waterproof, that means the etch process is 
finished. 
5. Rinse in DI water. 
6. Clean photo resist above SiOi layer. 
Si Etching: 
1. 50g KOH + DI water 二 100 ml at 70OC. 
2. If the etched surface is not smooth enough, then use higher concentration (e.g. 
60g KOH). 
3. Etch rate is about 0.5 |im/min. (need to be confirm again!) 
4. Use Alpha Step to check the etch depth. 
5. Finally, etch away SiCh with BHF and use Alpha Step to check waveguide 
profile. 
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Appendix B: Matlab programs of EIM and TPA calculations 
Number of modes supported by silicon waveguide in VERTICAL direction 
clear all; 
format long; 
a=0.10865 ； % asymmetric parameter 
h=4.5; % thickness of the rib 
neff=[3.3:0.000001:3.5]; % to calculate the effective index between 3.3 and 3.5. 
b=(neff.*neff-2.1025)/10.1475; % normalized propagation constant 
v=12.913*h; % normalized frequency 
left=tan(v. * sqrt( 1 -b)) ； % left hand side of eigenvalue equation 
% right hand side of eigenvalue equation 
right=sqrt(l-b).*(sqrt(b)+sqrt(b+a))./((l-b)-sqrt(b.*(b+a))); 
model=left-right; 







%plot the graph of eigenvalue solution, everytime when the curve pass through 
%zero line, there must be an optical mode supported by the waveguide 
plot(neff，model，’k-’，neff,mode2，’b-’)； 
axis([3.3 3.5 -1000 1000]); 
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plot(neff,mode 1 ,'k-')； 
axis([3.4976 3.499 -1000 1000]); 
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Two-photon-induced photocurrent calculation 
%TM light, Photocurrent(measured)=97nA 
%TE light, Photocurrent(measured)= 108nA 
clear; 










%p_peak= 1.68 %TM light 










for x=[l: 1:21] 
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% power_t(x)=pO 1 (x,2).*p_peak; %For this sampling rate, Photocurrent(TM)=34InA 
% power_t(x)=p02(x,2).*p_peak; %For this sampling rate, Photocurrent(TM)=408nA 
% power_t(x)=p03(x,2).*p_peak; %For this sampling rate, Photocurrent(TM)=34InA 





for h=[l: 1:41] 








photons(x)=sum(sum(delta_I(:,:).*(small 一 area*1565e-9/(6.626e-34*3e8)))); 
% photon_step(x)=photons(x)*0.2e-12; 






current=photons_per_second*1.602e-19/2 % Calculated photocurrent 
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